Human immunodeficiency virus (HIV) prevention tools that women can use and control are urgently needed. Microbicides are chemical products applied to the vagina or rectum to prevent the sexual transmission of HIV. Four classes of candidate microbicides have been tested to date: those that (1) enhance the natural defences in the vagina to inactivate HIV; (2) inactivate HIV in the vagina; (3) prevent HIV from attaching to, and fusing with, the host cells; and (4) prevent HIV from replicating in genital tract host cells. Despite numerous disappointing efficacy trial results over the past 20 years, substantial progress is now being made in microbicide development after the release of the CAPRISA 004 trial, which provided proof-of-concept that topical antiretroviral microbicides can prevent sexual transmission of HIV and herpes simplex type-2 infection. Microbicides, which fill an important gap for women-controlled prevention methods, have the potential to alter the course of the HIV pandemic.
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Women and human immunodeficiency virus
Nearly one-half of the 33.4 million people living with human immunodeficiency virus (HIV) and acquired immune deficiency syndrome (AIDS) worldwide are women. 1 In sub-Saharan Africa, women account for 59% of all infected adults. Young women are especially vulnerable. Worldwide,
The naturally low pH of the vagina is affected substantially by semen, which is alkaline and can result in the loss of this barrier to pathogens. Microbicides have been developed to maintain the colonisation of the vagina by lactobacilli or to recolonise the vagina with lactobacilli when these commensal organisms have been adversely affected (e.g. by the use of antibiotics or genital tract infections). The candidate microbicide, Buffergel Ò , which acts as a pH buffer, was not shown to alter the risk of HIV infection when evaluated in a phase III effectiveness trial. 14 Research into other candidates that maintain or enhance vaginal defenses is continuing. For example, the use of a live recombinant Lactobacillus, L. jensenii, has been shown to reduce simian HIV transmission by 63% in a repeat challenge macaque model. 15 
Surfactants
Surfactants act by inactivating pathogens, including HIV, while they are in the lumen of the vagina. These products have a wide spectrum of activity against several microbes and spermatozoa. They disrupt cell membranes or, in some instances, change the cell's membrane structure to make it more porous and thereby more liable to disruption. The best known product in this category is nonoxynol-9, which had been widely available as a spermicide for many years. Various doses and formulations of nonoxynol-9 were tested, 16 including the sponge, 17 film 18 and gel, 19 but none were shown to prevent acquisition of HIV. Several years later, another surfactant, SAVVY Ò (C31 G), was tested in Ghana and
Nigeria, but these studies also did not find any significant effect on HIV prevention. 20, 21 Surfactants are no longer considered a viable option as a microbicide.
Blockers
This category of candidate microbicides includes the polyanionic sulfated or sulphonated polymers that had a more limited spectrum of activity. The envelope of HIV, particularly the gp41 component, which enables fusion with the cell membrane, is considered a critical target for preventing HIV infection. Compounds such as PRO 2000 Ò , Carraguard Ò , cellulose sulfate, and dextrin 2-sulfate, have been evaluated as potential microbicides because of their ability to prevent the virus from attaching to, and fusing with, the host cells. Despite compelling evidence of activity against HIV in vitro and in animal studies, [22] [23] [24] [25] [26] [27] [28] none of these products were shown to prevent HIV in large scale human trials.
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Antiretroviral agents
Several antiretroviral drugs, which were originally developed as HIV therapeutics, are now being tested as potential microbicides because of they can inhibit viral replication. These antiretroviral agents can act either locally in the reproductive tract mucosa or systemically at specific steps in the HIV replication cycle, and therefore have a narrow spectrum of activity against HIV only. Tenofovir gel, developed by Gilead Sciences, was recently shown to prevent sexually acquired HIV infection in women.
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Two non-nucleoside reverse transcriptase inhibitors, dapivarine (TMC-120) and UC781 are also being evaluated as candidate microbicides. UC781 is being developed by CONRAD. Although UC781 was found to be well tolerated and safe in women and men in early clinical studies, further research on this candidate has been put on hold because of difficulties encountered with formulating UC781 in alternative dosage forms (e.g. rings and films) and in combination with tenofovir. Dapivarine is being developed by the International Partnership for Microbicides in two dosage forms: a monthly vaginal ring and a once-daily gel.
Antiretroviral candidates are also being evaluated in combination with other products (e.g. MIV150 in combination with Carraguard Ò ).
Co-receptor blockers
Another critical step in the HIV life cycle is the binding of HIV to chemokine co-receptors such as CCR5 or CXCR4 on the cell surface. Thus, molecules that are capable of attaching to these co-receptors and thereby preventing them from attaching to the cell surface may also be potentially effective vaginal microbicides. This is the mechanism of action of the co-receptor blocker, PSC-RANTES, which has been shown to provide protection in vaginal challenge studies in rhesus macaques without causing detectable toxicity or histological changes. 32 Rhis requires high doses of PSC-RANTES, however, which are expensive using current technology. In addition, resistant isolates to some CCR5 inhibitors have already been described. 33 The most valuable type of co-receptor blocker candidate microbicide will be one that is capable of acting against diverse strains of HIV. One such molecule, C34, a 34-residue peptide of gp41, is a promising candidate and it is a broad spectrum, highly potent inhibitor of envelope-mediated cell fusion over the entire panel of HIV-1 and simian immunodeficiency virus (envelope glycoproteins), which suggests that C34 may be a promising therapeutic against diverse or resistant strains of HIV-1.
34

Rectal microbicides
The mucosal surfaces in the rectum are vulnerable to physical damage during sex and potentially increase the risk of HIV infection. It is a common misconception that anal intercourse is an exclusively homosexual male practice, not only in Africa but throughout the world. 35 Several surveys indicate that heterosexual anal intercourse is far more common than generally acknowledged. [36] [37] [38] [39] Women who engage in anal intercourse may be less likely to use condoms and more likely to engage in risky behaviours. 38 In some settings, unprotected anal intercourse is viewed as an alternative to vaginal sex to preserve virginity in young women. In countries in Africa where female genital mutilation (female circumcision) is practised, anal intercourse is often experimented with during the weeks and months before painless vaginal penetration can be achieved. Men who have sex with men (MSM) have been largely ignored in HIV prevention and treatment efforts in Africa. A pattern is emerging of increasing transmission of HIV in African MSM, with HIV prevalence rates ranging from 10.6% in Kenya to 33% in Zambia. 40 A particularly high-risk subgroup, with over 60% unprotected anal intercourse, is the rapidly growing group of MSM sex workers, mainly in the big cities in Africa. Clearly, rectal microbicides are needed in a high-risk population like MSM and female sex workers, but further research on the role of anal sex in HIV acquisition in women in the general population in Africa is urgently required. It is possible that vaginal microbicide products may also be beneficial if used rectally in both men and women. There are distinct structural differences, however, between the vagina and rectum, and little is known about the necessary rectal mucous membrane coating required to prevent HIV. With some candidate microbicide products, specific vaginal and rectal formulations are available, such as a low osmolality tenofovir gel that has been specifically formulated for rectal use. Clinical trials evaluating the safety and effectiveness of rectal microbicides are under way.
Formulations: sponges, films, gels and rings
Effective microbicides will probably be delivered in many forms, such as gels, creams, suppositories, films, sponges and vaginal rings. Many microbicidal products are in various stages of development, but testing the efficacy and safety of microbicides involves many thousands of women over several years. The number of topical microbicide candidates in development (pre-clinical and clinical) in the past 10 years has averaged between 50 and 60 products; however, only one, tenofovir gel, has been shown to prevent HIV.
Current state of clinical development of microbicides
A women-initiated HIV prevention strategy was first proposed more than 2 decades ago. 41 Since then, several candidate microbicides have entered effectiveness trials to assess their effect on the prevention of HIV infection.
The first microbicide gels to enter phase III trials were surfactants, nonoxynol-9 and SAVVY Ò (C31-G), but both failed. The definitive trial of nonoxynol-9 among sex workers in Benin, Côte d'Ivoire, South Africa, and Thailand showed that nonoxynol-9 increased the risk of HIV infection among women who used the product more frequently, possibly owing to an increased frequency of epithelial disruption.
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14 Given the disappointing clinical trial results with surfactants, and buffering agents, these candidates have essentially disappeared from the product development pipeline.
The clinical development pathway is currently dominated by antiretroviral agents (Fig. 1) . 43 The
first antiretroviral agent to be tested as a potential microbicide was tenofovir gel, which is also the only microbicide candidate that has been shown to prevent HIV. 31 Tenofovir, an adenosine nucleotide analog with potent activity against retroviruses, 44 was initially developed and tested as a prophylactic in monkeys, and was subsequently formulated for oral use as tenofovir disoproxil fumarate (Viread Ò ), which is now widely used for HIV treatment. Tenofovir's efficacy in suppressing viral replication, favourable safety profile and long half-life, 45 made it an ideal choice as the first antiretroviral drug to be formulated as a microbicide gel. In 2010, the CAPRISA 004 tenofovir gel trial 31 showed that tenofovir gel, applied before and after sex, reduced HIV incidence by 39% (95% confidence interval 6 to 60) overall and by 54% in women who used the gel consistently. This trial provided proof-of-concept that an antiretroviral agent can prevent sexual transmission of HIV in women and has provided the first evidence that tenofovir gel is a safe and effective microbicide. In 2011, the Microbicide Trial Network's VOICE study, 46 which was examining the safety and effectiveness of 1% tenofovir gel and two oral antiretroviral agents (tenofovir (TDF) and emtricitabine (FTC-TDF)) taken daily to reduce the risk of HIV acquisition in women, announced that the tenofovir tablet and tenofovir gel arms were to be halted because interim results showed that they were no better than placebo in preventing HIV in the study women. 47, 48 These results are perplexing as there is good evidence from laboratory research, animal studies and human trials showing that tenofovir gel prevents HIV. A detailed systematic examination of the VOICE study data, which is planned to take place in late 2012, will be needed to understand the reason for the results. In the meantime, another placebo-controlled study, the Follow-on African Consortium for Tenofovir Studies 001 (FACTS 001), 49 is continuing to confirm and extend the findings of the CAPRISA 004 trial 31 . The FACTS 001 trail, which is testing tenofovir gel using the same BAT24 coitally related dosing regimen as the CAPRISA 004 trial 31 in 18-30-year olds could provide valuable data needed for regulatory approval.
If proven effective, tenofovir gel has the potential to alter the course of the HIV epidemic. In South Africa alone, it is estimated that, over the next 2 decades, this gel could avert 1.3 million new HIV infections and over 800,000 deaths. 50 Implemented on a broader scale, tenofovir gel could save millions of lives over time.
In preparation for the implementation of tenofovir gel into the public health service, CAPRISA is planning to undertake an implementation study (CAPRISA 008) in the communities where the CAP-RISA 004 31 trial took place. Trial participants and other women from the study communities will be invited to enrol in this study, which aims to address critical implementation questions about how best tenofovir gel could be incorporated into current health systems and made accessible to women who would benefit most from this product while also providing a mechanism for ongoing post-trial access to the tenofovir gel in these communities.
In addition to the clinical trials of tenofovir, a number of trials have assessed another antiretroviral drug, dapivirine (TMC-120), formulated as a vaginal gel and a vaginal ring, and some early human studies on two other classes of microbicides. These include: AmphoraÔ gel, 51 a barrier and vaginal defense enhancer, and VivaGelÔ, an entry and fusion inhibitor. Unfortunately, in addition to these candidates, no products are likely to enter phase IIb and phase III trials in the near future. Current and planned clinical trials of topical microbicide candidates are summarised in Table 2. 52
Current state of preclinical development of microbicides
Over 70 microbicides candidates are in the preclinical development pipeline. These include 35 attachment, fusion, and entry inhibitors, 10 replication inhibitors, one vaginal defense enhancer, one immunomodulator, and four with uncharacterised mechanisms of action. 43 Early developmental research is also starting to focus on candidates with multiple mechanisms of action (Table 3) . 43 The development of these candidates, however, is more complex, as each component of the combination may have to demonstrate effectiveness to warrant inclusion in a combination product. Obstacles to microbicide development
Funding
Several obstacles continue to hamper the development of a safe and effective microbicide. Financial commitments have been one of the biggest obstacles. In 2010, the total global investment for microbicide research and development was US$247 million, with the public sector providing 93% of the funds. This is compared to funding of $859 million for HIV vaccine-related research and development in the same year: 3.5 times more than microbicides. 60 This huge discrepancy is largely because it has been difficult to mobilise pharmaceutical industry support for microbicide research; none of the major pharmaceutical companies have a substantive microbicide research and development portfolio, and none are conducting human microbicide trials at present. The reluctance to invest in microbicide development centres on their concerns about scientific and regulatory uncertainty and competing opportunities to invest in products that are potentially more profitable. Although funding of microbicide research has significantly increased over the years, a successful product will require extensive and sustained investment in research and development. The product pipeline in general needs a large number of products in phase I owing to the high attrition rate before a product warrants assessment for efficacy against HIV infection. At present, the dearth of products in the phase I pipeline is a source of major concern.
Validated animal model
Several animal models are used in pre-clinical microbicide testing (e.g. the mouse HSV-2 model, the rabbit vaginal irritation index), and the nonhuman primate (NHP) model. The predominant model being used is the simian immunodeficiency virus and the simian HIV challenge in NHPs, but the biological relevance of this model remains contentious. 43 Owing to the substantial differences in the animal model is a major obstacle to microbicide development, as it means that costly and time consuming human studies are required to assess any effect of a microbicide candidate.
Correlates of protection
Microbicide development has the distinct challenge of not having a precedent to emulate (e.g. HIV vaccine development can follow previous successful strategies used to develop vaccines against other viruses). Currently, no markers exist for the biological activity of microbicides and no markers have been established as correlates of protection for microbicides. One analysis has suggested a 1000 ng/ml drug concentration of tenofovir as a potential correlate of protection, 65 but this needs to be prospectively assessed. This obstacle presents a major impediment to rapid progress in the field, as HIV infection in humans is the key marker of biological activity, safety and efficacy. This means that meaningful studies of safety and efficacy of a microbicide can only be designed with HIV infection as the primary end point.
Ethical and logistical issues
Several logistical and ethical issues are involved in the conduct of microbicide trials. To show safety and efficacy, the product must be tested on large numbers of sexually active people. Trials also need to be conducted among selected populations that are likely to be at high risk of acquiring HIV infection. Clinical trials are thus often carried out either in developing countries that have high levels of infection. 66 This has raised concerns about the potential for exploitation of vulnerable populations; a concern that is, fortunately, not borne out of reality owing to the high ethical and care standards maintained in all the current microbicide trials. In addition, microbicide trials are, in reality, being conducted in many countries throughout the world, including Europe and the USA. Counselling on use and provision of condoms as a proven HIV prevention method, in addition to the experimental product, is an ethical and moral pre-requisite in all HIV prevention trials, including microbicide trials. Under these conditions, the trial can only measure whether microbicides improve upon the protection afforded by condom use. Microbicides will also only work if they are widely accepted and used consistently by women. Other practical, ethical and scientific challenges that complicate microbicide trial data include behaviours such as anal sex and the use of other intravaginal substances.
Other concerns surrounding the development of microbicide include the potential hazards related to reproductive toxicity and the increased risk of local toxicity from applying a product repeatedly to the same tissue, which may have long-term effects that could enhance risk of infection. Studies are under way to establish the safety of microbicide use during pregnancy. The threshold of acceptability, toxicity and efficacy will differ between countries, and those with an aggressive spreading disease, such as developing countries, may be more likely to accept a partially effective product.
Resistance
Some challenges unique to antiretroviral products being developed as candidate microbicides are concerns about the potential for development of drug resistance. Although resistance cannot develop in people who do not have HIV, it could possibly develop if the person taking the prophylactic regimen becomes infected with HIV while continuing to take the drugs. The contribution of acquired resistance from prophylactic use of antiretrovirals is estimated to be a much smaller contributor to drug resistance than the use of antiretrovirals in treatment. 67 Fortunately, to date, the studies investigating tenofovir as prevention have not detected any tenofovir resistance.
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Adherence Adherence to the prescribed treatment or prophylactic regimen is critical. Suboptimal adherence will result in substantially lower effectiveness than that observed in the clinical trials. Evidence from the CAPRISA 004 trial 31 clearly demonstrates how effectiveness can be eroded with inconsistent use. In CAPRISA 004, although overall effectiveness was 39%, women who used the gel most consistently (gel adherence greater than 80%) had a 54% lower HIV incidence compared with women using the placebo. 31 Experiences from implementing antiretroviral therapy for AIDS treatment have shown that high levels of adherence are achievable in a real world setting, even in developing countries. [69] [70] [71] Although this is encouraging, this may not be readily applicable to adherence in asymptomatic healthy people. On the other hand, a highly effective product and understanding of HIV risk may serve as an incentive to use microbicides consistently. Suboptimal adherence could also exacerbate drug resistance.
Behavioural disinhibition
A concern when introducing new prevention technologies is that people may stop using a more efficacious HIV prevention method (e.g. condoms) for a less efficacious one (e.g. a partially effective microbicide). 72 This concern, commonly known as risk compensation or behavioural disinhibition, could potentially undermine and even reverse the beneficial effects of microbicides. 73 Although a lowefficacy intervention may be reversed by behavioural disinhibition, current evidence from medical male circumcision implementation has found this concern to be baseless. An assessment of the realworld effect of the roll-out of medical male circumcision in a community in South Africa has shown no evidence of risk compensation after 3 years. 74 Furthermore, no significant behavioural disinhibition was observed in the CAPRISA 004 trial.
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Conclusion
A women-controlled method to prevent HIV infection is urgently needed. Substantial progress has been made in the microbicide development field and, for the first time, the field is optimistic. There is now proof that a safe and effective microbicide, in the form of tenofovir gel, is possible. Despite numerous scientific, ethical, methodological, and implementation challenges, microbicides provide real potential to influence the course of the HIV epidemic, as they fill an important gap for womeninitiated prevention methods.
